T he unique structural motifs and molecular recognition properties of DNA make it a promising template for building nanostructures.
T he unique structural motifs and molecular recognition properties of DNA make it a promising template for building nanostructures. 1Ϫ4 Using a long single-stranded DNA as a template, a novel strategy, the so-called DNA origami method, has been developed for the preparation of various two-dimensional (2D) and three-dimensional (3D) nanostructures with defined size. 5Ϫ12 In addition, these origami nanostructures have been used as a platform for the nanopatterning of proteins, nanoparticles, transition metals, and other functional components into deliberately designed arrangements.
13Ϫ20 They can also act as templates for the growth of nanowires, aid in the structural determination of proteins, and provide new platforms for genomic applications. 21 However, these structures offer a relatively small area, which is not sufficient for the precise positioning of functional molecules, and a larger assembly with a size of a few micrometers is required for the preparation of practical devices. For instance, conventional photolithography techniques require a size domain of 1 m. Although programmed DNA and RNA assemblies with the size of around 10Ϫ20 nm have been achieved, 22Ϫ24 strategies for the construction of defined larger assemblies are limited.
The size of the origami was first expanded by Rothemund with the assembly of triangular origami into a hexagon with a yield of Ͻ2%. 5 Later, 3D heterotrimers in the shape of a wireframe icosahedron were reported with no information about the yield of the assembled structures. 10 We have recently developed a new method to scale up DNA origami using jigsaw pieces (JPs) and successfully prepared a unidirectional DNA assembly. 25 However, the 2D construction of origami tiles is critical for the development of DNA origami technology. The 2D scale-up of the origami structure was recently initiated using small DNA tiles with a size of 16 nm ϫ17 nm as folding staples. 26 Apart from these examples, there is no report for the preparation of larger origami structures (particularly 2D structures), and hence the development of new methods with added advantages is urgently required. In this work, we demonstrate a new route for the 2D extension of DNA origami using multiple JPs by programmed selfassembly, the spontaneous association of components into organized 2D structures using noncovalent interactions. By altering the shape of our previous origami structure, 25 we have designed nine different JPs, each of which is a 24-helix tile ( Figure 1A) , containing (i) sequence-programmed connection sites, a tenon, and corresponding mortise, to allow assembly along the helical axis (x-direction) with the adjacent JP via these adhesive connections; (ii) two single-stranded overhangs were kept at the sides of each monomer to make the binding stronger along the helical axis; (iii) protruding single-stranded overhangs have been placed at the bottom side for the first row JPs, the top side for the last row, and both sides for the middle row that base pair with the M13mp18 viral DNA in the neighboring JP to facilitate assembly along the helical side (ydirection). In addition to the single-stranded overhangs, jigsaw shapes at the top and bottom sides of each origami structure were created to promote the assembly. The individual monomers were differentiated by changing the position of the tenon and the mortise and also the sequences at the bottom. Two loops at the bottom of each JP were purposely introduced so that the sequence difference between the monomers can be made at the bottom side by adjusting the sequences in the loop. This arrangement is important for the monomers to assemble exclusively with their respective partner. Note that these loops are duplexes containing double-crossovers formed by the portion of the viral DNA with their complementary staple strands. For the identification of each monomer, a set of hairpin DNA strands (each set contains four individual hairpins) was introduced as markers that were adjacent to the tenon and the mortise. To avoid the intertile -stacking among the same JP monomer, tetrathymidine (T4) units were introduced at both of the side edges of each monomer JP. The size of the monomer was designed to be ϳ80 nm ϫ100 nm. A model JP and the expected 2D self-assembled origami structure are shown in Figure 1AϪC . The detailed design of the DNA JPs and the sequences of the staple strands are given in the Supporting Information.
RESULTS AND DISCUSSION
The monomer origami JPs were prepared separately by mixing the M13mp18 viral DNA and their respective staple strands in Tris buffer (pH 7.6) containing Mg 2ϩ and EDTA. The solution was annealed from 85 to 15°C at a rate of Ϫ1.0°C/min. The formed DNA piece monomers were deposited on a mica surface and imaged in the liquid using an atomic force microscopy (AFM). The AFM images and the schematic drawing of the monomer JPs represented by the matrix of blocks are given in Figure 1D . The JPs were formed as designed. The size of the JPs in the AFM image is consistent with the original design. The tenon, counterpart mortise, hairpin markers, and the loops at the bottom were observed clearly and were identified in the predesigned places on the jigsaw planar structure. The set of www.acsnano.org B hairpin markers was placed adjacent to the mortises and the tenons that were involved in the self-assembly, while the marker is not introduced near the tenons and the mortises that were not involved in the assembly process, for instance, the mortises at JPs 1, 4, and 7 and the tenons at JPs 3, 6, and 9. As designed, there are two sets of markers (light spots) on JPs 2, 5, and 8, while there is only one on the rest of the JPs. Two bright spots on the bottom of each JP represent the loops. It is worth mentioning here that the staple strands on the tenon region of JPs 3, 6, and 9 were not added, as they were not designed to make any connection with the neighboring JP during the self-assembly. Hence, the tenons on these JPs in the AFM images do not appear clearly. In addition, the mortises of JPs 1, 4, and 7 were protected from interaction with other JPs by adding four T8 single-stranded overhangs at each mortise. Before the self-assembly process, the individual monomers were separately passed through a gelfiltration column to remove the excess staple strands. After purification, the monomers were mixed together in equal ratio and the solution was annealed linearly from 50 to 15°C at various cooling rates, ranging from Ϫ0.1 to Ϫ0.01°C/min. From our previous studies, 25 we have noted that the JPs are stable at 50°C, and the selfassembly is efficient at a slow cooling rate, such as Ϫ0.1 or Ϫ0.05°C/min; hence we have used these annealing conditions. AFM imaging of the resulting sample showed that self-assembly with the desired structure was not successfully obtained. We believed that this problem could be solved by optimizing the annealing conditions and adopted the nonlinear condition from 50 to 15°C by decreasing the temperature by 10°C and increasing it by 5°C at a rate of Ϯ0.2°C/min. The AFM image of the resulting structure is given in Figure 2A . As we expected, the nonlinear annealing condition successfully yielded the 2D self-assembled structure with little damage. The correct orientation of the JPs in the assembled structure is confirmed by the position of the markers. Although the 2D assembled structure was prepared by this method, the yield for monomer conversion was about 10% (Table 1) . This low yield is logical because in a reaction with more components (in the present case there are nine components), the overall yield would be low.
Because the yield of two-step self-assembly (the first step is monomer formation, and the second is 2D self-assembly) is low, we decided to make it by three steps: (i) monomer formation as described before; (ii) formation of trimers along the row; and (iii) selfassembly of preassembled trimers. In this method, the number of components in every step would be fewer, ARTICLE www.acsnano.org VOL. XXX ▪ NO. XX ▪ 000-000 ▪ XXXX C and thus a better yield is expected. The JPs in the respective row (horizontal assembly; for example, JPs 1, 2, and 3 in the first row) were mixed and annealed linearly from 50 to 15°C at a rate of Ϫ0.1°C/min. After annealing, the self-assembled trimers were captured in the AFM image ( Figure 2B left) and were formed as designed. The yield for the monomer conversion and the size of the trimers were found to be ϳ35% (Table 1) and 85 nm ϫ365 nm, respectively. Next, the trimers were mixed together, and the third step annealing, was performed by the same annealing procedure that was used for the trimer formation. The 2D structure was formed as expected ( Figure 2B right). However, there was no significant change in the yield of the final structure, and this method resembles the previous case. Moreover, there was a little damage in the formed 2D structure, and this damage might occur due to various reasons, such as problems in the annealing conditions, adsorption of such a large structure onto the mica surface, and mechanical tip effect during the AFM imaging. The observed lower yield might be due to the single-stranded overhangs that were introduced to facilitate the selfassembly along the helical side. These single strands could possibly display undesired nonspecific interactions with other JPs or the trimer assembly and lead to aggregation, as observed in the AFM image (data not shown). Thus, these single strands may not be effectively available for the assembly along the helical side, and hence the yield of the final product was low. Besides the linear annealing procedure, we have also tried a nonlinear annealing condition to make the trimers along the row. The monomers were annealed from 50 to 15°C by decreasing the temperature by 10°C and then increasing it by 5°C at a rate of Ϯ1.0°C/min. The yield of the first row and last row trimers was ϳ45%, while it was ϳ25% for the middle row (Table 1) . This lower yield of the middle row trimer might be due to the presence of single-stranded overhangs at both top and bottom sides, while it was placed only at either side for the other trimers. By taking advantage of the yield of the top and bottom row trimers, we have tried to prepare the 2D assembly by annealing these trimers along with the middle row monomers (JPs 4, 5, and 6). The solution was annealed linearly from 50 to 15°C at a rate of Ϫ0.1°C/min. The observed structure in the AFM image is shown in Figure 2C . Unlike the previous cases, the 2D self-assembled structure formed without any damage. However, no improvement in the yield was observed.
The results described above clearly show that the single-stranded overhangs at the top and bottom sides of the JPs are highly sensitive and hence need to be protected before the 2D self-assembly. This can be done by hybridizing the single-stranded overhangs with their complementary bases in the neighboring JP. In other words, the trimer formation along the helical side (vertical assembly; for example, JPs 1, 4, and 7) can protect the single-stranded overhangs during the trimer formation, and then the 2D self-assembly can be further carried out. Trimer formation and the consequent 2D self-assembly were performed by linear annealing from 50 to 15°C at a rate of Ϫ0.05°C/min. Images of the formed trimers are given in Figure 3A . The yield for the monomer conversion and the size of the trimers were ϳ43% (Table 1 ) and 260 nm ϫ 120 nm, respectively. Successive annealing yielded the final product, which was confirmed by the clear AFM image shown in Figure 3B . The size of the self-assembled structure is 260 nm ϫ 365 nm, which is consistent with the predesigned structure. The correct orientation of the JPs in the assembled structure was confirmed by the position of the markers (light spot) and the loops (bright spot). In fact, the four individual hairpins in every set of markers were clearly visible in the AFM image. Interestingly, the yield was improved by this method and was found to be ϳ35% for the monomer conversion ( Figure S1 and Table 1 ). This higher yield confirms our assumption that the single-stranded overhangs need to be protected to avoid aggregation and to get a better yield of the self-assembled product. This is the most interesting possible explanation for the yield increase, because two horizontal trimers bond by 54 strands (9 strands per JP ϫ 3 JPs in a horizontal assembly ϫ 2 trimers) while only 24 between two vertical assemblies [(2 strands at tenon/mortise ϩ 2 overhangs) ϫ 3 JPs in a vertical assembly ϫ 2 trimers]. If nonspecific 
D
interactions are what is causing the poor yield, then having 54 strands would more likely yield more nonspecific interactions than having 24 strands. This is further evidenced from a slightly better yield (ϳ43%) of the vertical trimers than the horizontal one (ϳ35%). In addition to the nonspecific interactions, there may be a shape-fitting factor, which can also affect the yield of the final assembly. Mortises and the tenons of the vertical trimers do not match up if the wrong vertical trimers bind. In this case, the jigsaw shapes actually could keep incorrect trimers from binding and could give a better yield of the final structure. In the horizontal trimer this is not the case, as every trimer matches the shape of every other horizontal trimer and may lead to a poor yield. Apart from the nonspecific interactions and the shape of the JPs, we should also consider the orientation of the bonds between the helical axis and helical side. In the helical side case there is repulsion between the long edges of the DNA origami that may give this situation a different binding energy than the end-on case, where the -stacking attractions could lead to a better binding. Besides the assembly methods, the JP monomers are expected to have a slightly twisted structure in solution, because the origami structures were designed to have 10.66 base pairs per turn. This twisted structure may complicate the self-assembly and culminate to the lower overall yield. Regarding the annealing condition for the 1D (trimer formation) and the 2D assembly, we have tried several conditions ranging from Ϫ0.2 to Ϫ0.01°C/min. The best linear condition lies in the range Ϫ0.2 to Ϫ0.05°C
/min, and a slow annealing rate, such as Ϫ0.01°C/ min, leads to aggregation.
Finally, the self-assembled structure was used as a platform for displaying nanoscale words. We built the words "DNA JIG SAW" from the alphabet letters formed by hairpin DNAs on the individual JP. For clear visualization of the letters, the hairpin markers that were placed near the tenons and the mortises were removed. In addition, the staple strands at the loop regions were not added. The monomers with the letters and the selfassembled product carrying the words were prepared by the method described in the previous section (Figure 3) . After the first annealing step, we clearly observed the letters on the respective JPs ( Figure 4A ). The 2D selfassembly by three-step annealing yielded the programmed words on the 2D structure, as shown in the AFM image ( Figure 4B ). The letters by hairpin markers affect neither the formation, shape, and the yield of the JP monomers nor the 2D self-assembled structure (Figure S2 ). This suggests that our method may be suitable for the programmed self-assembly of prefunctionalized DNA nanoconstructs to achieve functional nanomaterials.
The strategy we have demonstrated here has high potential for the preparation of 2D DNA assemblies of multiple DNA piece monomers. The designed JPs assembled preferentially via the defined connections in a "lock-and-key" fashion. The mortises, tenons, and the single-stranded overhangs worked efficiently to facilitate the 2D assembly. In particular, the sequence difference made at the bottom of each JP helped to assemble each DNA piece monomer with their respective partner along the helical side. Moreover, the singlestranded overhangs in a JP directly hybridized with the viral DNA in the neighboring piece, which enables assembly without an intertile gap or empty space. Similarly, a tight binding occurs at the sequenceprogrammed tenons and the mortises. The shape of the side edge and the position of the mortises and the tenons worked not only for the selective connection but also for the exclusion of incorrect connections during self-assembly along the helical axis. In the present study, we have added tetrathymidine (T4) units at the side edges of each monomer, the same as in the case of 1D JP assembly. 25 Even then, the assembly along the helical axis was not prevented, which explains the effectiveness of the mortises and the tenons. The yield of the 2D structure may be further improved by optimizing the annealing procedures based on the thermodynamic parameters of the staple strands and by using different lengths of the single-stranded overhangs. The idea of using jigsaw shapes to increase the specificity of DNA origami interactions and thus increase the yield of assembled origami structures could be verified by using nonjigsaw monomers. Such experiments are under investigation.
CONCLUSIONS
In conclusion, we have demonstrated a novel strategy for the preparation of 2D DNA assemblies by the programmed self-assembly of multiple DNA JPs. The designed jigsaw monomers assembled preferentially via the defined connections in a "lock-and-key" fashion after various annealing procedures. The mortises, tenons, and the single-stranded overhangs worked efficiently to promote the 2D assembly. For a better yield, the single-stranded overhangs needed to be hybridized before the 2D self-assembly. The structure that we have prepared is about 3.5 times larger in area than the previously reported structure 26 and is the origami structure with the largest area ever prepared. We anticipate that this method could be successfully applied and extended to build an even larger structure, reaching a size of a few micrometers. The monomers we have taken for the self-assembly use the full length of the M13mp18 viral DNA, which provides enough space for the nanopatterning of various functional molecules, and we expect that the method described here could be expanded for the self-assembly of prefunctionalized origami nanoblocks for practical applications.
MATERIALS AND METHODS

Materials.
Tris-HCl, EDTA, and MgCl 2 were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Single-stranded M13mp18 DNA was obtained from New England Biolabs, Inc. (Ipswich, MA, USA, catalog number: #N4040S). The staple strands (most of them are 32-mer) were received from Sigma Genosys (Hokkaido, Japan). The gel-filtration column and the Sephacryl S-300 were purchased from Bio-Rad Laboratories, Inc. (Hercules, CA, USA) and GE Healthcare UK Ltd. (Buckinghamshire, UK), respectively. Water was deionized (Ն18.0 M⍀ cm specific resistance) by a Milli-Q system (Millipore Corp., Bedford, MA, USA). The hairpin marker sequence used was 5=-TCCTCTTTTGAGGAACAAGTTTTCTTGT-3=.
Preparation of the Monomer Origami Tiles and Self-Assembly. Each JP was prepared by annealing the solution of 0.01 M M13mp18 DNA, 0.04 M of each staple DNA strand (4 equiv), 20 mM TrisHCl (pH 7.6), 1 mM EDTA, and 10 mM MgCl 2 from 85 to 15°C at a rate of Ϫ1.0°C/min. The samples were purified using a Sephacryl S-300 gel-filtration column. The purified monomers were then used for the trimer assemblies and the 2D selfassembly as described in the text.
AFM Imaging. AFM images were obtained using a fast-scanning AFM system (Nano Live Vision, RIBM Co. Ltd., Tsukuba, Japan) with a silicon nitride cantilever (resonant frequency ϭ 1.0Ϫ2.0 MHz, spring constant ϭ 0.1Ϫ0.3 N/m, EBDTip radius Ͻ 15 nm, Olympus BL-AC10EGS-A2). The sample (2 L) was adsorbed onto a freshly cleaved mica plate (D 1.5 mm, RIBM Co. Ltd., Tsukuba, Japan) for 5 min at room temperature and then washed several times using the same buffer solution. Scanning was performed using the tapping mode in the same buffer solution. The yield of the final structures is given as the fraction of monomers that end up in a complete 3 ϫ 3 (2D self-assembly) or complete 1 ϫ 3/3 ϫ 1 (trimers) structure. The experiments were repeated twice or thrice to get a statistically significant yield. www.acsnano.org
